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1. Summary 
Seismic time lapse reservoir monitoring is a technology which may be used in suitable circumstances for 
monitoring CO2 plumes injected into deep reservoirs worldwide. With CO2 injected into the deep subsurface, 
the plume development over time can be identified by comparing the differences in multiple repeated seismic 
surveys collected over time. Injected CO2 displaces formation fluid, substituting it partially with CO2, which 
has a different density than the original pore fluid. The difference in density of the fluids (dependent on 
environmental factors such as pressure, temperature, and fluid properties such as salinity), the difference in 
mechanical properties between these fluids, the difference in seismic velocity between CO2 and the virgin 
formation fluids as well as the degree of CO2 saturation cause changes in the seismic response from 
repeated geophysical surveys. When these changes are of enough magnitude to be resolved by processing 
methods, they may become useful to monitor changes in the injected CO2 plume over time (Fiah et al. 2010) 
(Gendrin et al. 2013). In the UQ-SDAAP area of study, the notional injection zones are 2.3 to 2.4km beneath 
the surface. Reservoir porosity is of the order of 13%. At these depths, acoustic impedance changes due to 
CO2 injection can be expected to minor (and possibly below the limit of resolution for surface seismic 
techniques. A quick-look or scoping study was undertaken with a view to informing whether a future 
monitoring and verification (M&V) scheme would possibly include 4D seismic.  
Two wells (Tasmania 1 and Milgarra 1) with locations near but slightly shallower than the notional injection 
sites were selected to perform Gassmann fluid substitution, using petrophysical analysis to study the 
possibility of detecting the CO2 plume by seismic methods. The fluid properties for the formation water and 
injected supercritical CO2 were extracted from the base case dynamic notional injection sector model. Two 
scenarios were considered, one using the fluid properties near the notional injection sites, and the other 
using the fluid properties at the predicted shallowest plume edge location at the end of the injection period.  
The analysis showed that due to depth, low porosity and low contrast between CO2 and water densities at 
such depth, the difference between acoustic impedance before and after fluid substitution is less than the 
seismic detection threshold. This can be revisited after site-specific data has been acquired. Meanwhile, the 
main study (Garnett et al, 2019) assumes that M&V for plume location assurance would be primarily via an 
extensive network of monitoring wells. 
2. Introduction 
Fluid substitution methodologies are an important part of seismic attribute work for seismic monitoring, 
because they provide a tool comprising petrophysical properties for modelling and quantifying the various 
fluid scenarios that might give rise to an observed amplitude variation with offset (AVO) or 4D (time lapse) 
response. The most commonly used technique for doing this involves the application of the Gassmann's 
equation (Smith, Sondergeld & Rai 2003; Gassman 1951). The Gassmann’s equation relates the bulk 
modulus of a rock to its pore, mineral frame, and fluid properties. Thereafter seismic velocities can be 
estimated using the bulk modulus of rock filled with varying saturations of CO2 and water. 
This study conducts an analysis for two wells using the Gassman equation for different CO2 saturation 
scenarios that represent the notional injection sector model area conditions. The aim of this study is to 
determine how the compressional velocity and density from log data change with CO2 injection. This can 
then be used as a first pass to determine the likelihood of CO2 detectability in time lapse surface seismic 
data for the Blocky Sandstone Reservoir. 
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3. Previous studies 
Previous studies regarding detection of CO2 using seismic surveys include the work done in the Aquistore 
project in Canada by the Petroleum Technology Research Centre (PTRC) in the Winnipeg and Deadwood 
formations in Canada at 3400 m deep (Worth et al. 2014). The PTRC used 3D time-lapse vertical seismic 
profiling (VSP) to detect the evolution of the CO2 plume. Another study was the fluid substitution work done 
by Gendrin et al. 2013, in the Gippsland Basin in Victoria where detectability of CO2 in brine aquifers was 
estimate as possible to a depth of 1400m. 
In regards to Surat Basin, a fluid substitution evaluation was performed by ZeroGen in 2010 (Fiah et al. 
2010). The model used logging data from the Norwood-1 and Overston-1 wells to generate zero-offset 
synthetic seismograms. The target formation for that work was the base Surat Sandstone units that 
corresponds to the basal sandstone of the Transition Zone (TS1-MFS1) in the UQ-SDAAP (La Croix et al. 
2019b). It is important to note that the UQ-SDAAP Blocky Sandstone Reservoir is not present in these wells 
of the Roma shelf area (Gonzalez et al. 2019a). However, the basal Transition Zone sands have good 
reservoir characteristics similar to the oil bearing sands unit above the Blocky Sandstone Reservoir (also 
referred to as “The 56 Sand”) located in the Moonie oil field. 
In the ZeroGen study, temperature was assumed to be 20°C at the surface, and to increase with depth by 
3.6 °C every 100 m. Hydrostatic pressure was assumed and salinity was set to 10,000 mg/L. The target 
formation was located at ~1800m MD and had a 20m thickness.  
According to that study, a time-lapse seismic signal from base Transition Zone is expected if the target 
reservoir is thicker than 10 m as seen in the Overston-1 well. However, CO2 would not be detected in 
formations of thickness thinner than 10 m as seen in the Norwood-1 well. Two types of CO2 saturation 
patterns were modelled: homogeneous and patchy. The homogeneous saturation pattern imay be detected 
with relatively low seismic frequencies; however, high frequencies are required to detect the patchy 
saturation pattern (Fiah et al. 2010). The final model results from the Norwood-1 well indicated that anything 
deeper than ca. 1200 m would not be detected with time lapse, surface seismic data, while at the Overston-1 
well, there was no detection when deeper than 1600 m. 
The target depth for the notional injection sites for UQ-SDAAP in the centre of the mimosa syncline is ~2300 
MD where the Blocky Sandstone Reservoir is estimated to have a thickness range from 80-130 m (Gonzalez 
et al 2019a). However, due to the depth of the target, increase in temperature, pressure, as well as a 
reduction in porosity that would impact the petrophysical characteristics, the CO2 detectability might be 
negligible in the seismic responses. Thus, the approach of this study is to perform, a qualitative fluid 
substitution analysis to see if representative well log data near to the notional injection sites could provide 
significant changes after CO2 injection. Subsequently, favourable results are then translated into expected 
seismic response for further monitorability. 
4. Fluid substitution workflow 
Dynamic modelling reports in (Rodger et al. 2019f), suggests that CO2 lateral plume footprint does not 
extend more than 5 kilometres radius around the notional injection sites and the CO2 is contained within the 
Blocky Sandstone Reservoir with less than 0.01% of the injected CO2 volume vertically migrating into the 
Transition Zone. The Blocky Sandstone Reservoir depth for the notional injection sites is ~2100 m TVDSS, 
and for the forecast shallowest plume edge at the end of the injection period is ~ 2080 m TVDSS. Thus for 
the fluid substitution evaluation, we will use parameters from the notional injection sites and apply them 
using the nearest well log. 
The challenge of this study is to try to demonstrate detectability of CO2 based on petrophysical analysis for 
depths greater than 2000m. Previous studies suggested that in the sandstone units at the Transition Zone, 
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CO2 cannot be detected beyond 1600m depth (Fiah et al. 2010; Gendrin et al. 2013). Thus, the parameters 
used as an input to perform the Gassmann Fluid Substitution were analysed, and the initial values selected 
for the parameters were either the maximum or minimum of the parameter’s uncertainty range to produce the 
optimal result on seismic detectability and test the sensitivity to the input parameter range. 
Figure 1 illustrates the workflow to qualitatively assess the potential of CO2 detection based on petrophysical 
analysis on well log data. The workflow is summarised below: 
• Selection of the deepest two wells intersecting the target reservoir, in the vicinity of the notional 
injection sites. These selected wells require bulk density and compressional slowness logs, to be 
able to calculate the acoustic impedance curves 
• Calculation of the acoustic impedance and reflection coefficient for the selected wells before CO2 
injection 
• Perform initial stage Gassmann fluid substitution on the two wells to construct new bulk density and 
compressional slowness curves using the: 
o CO2 parameters modelled for the injection wells location and depth 
o CO2 parameters modelled at the edge of the plume at the end of the injection period 
• Calculate the acoustic impedance and reflection coefficient from the new density and compressional 
slowness curves for both cases 
• According to Lumley, Behrens & Wang 1997, a minimum change of four percent in acoustic 
impedance is required as a rule of thumb for seismic detectability. Thus, if the change in acoustic 
impedance from before and after the first stage Gassmann fluid substitution is less than four percent, 
further Gassmann fluid substitution stages would be deemed unnecessary 
• A second Gassmann fluid substitution stage is performed if the change in acoustic impedance is 
greater than four percent. Subsequently, density, compressional slowness and porosity curves will 
be adjusted to match the expected values to the notional injection sites (as we do not have available 
wells at that depth) using regional depth trends 
• Perform a second stage of fluid substitution using the new depth-adjusted density, porosity and 
compressional slowness curves 
• Calculate acoustic impedance and reflection coefficient curves from the output of stage II Gassmann 
fluid substitution 
• If change in acoustic impedance is less than four percent, then the chance of CO2 detectability at the 
notional injection sites is low 
• If we get favourable results with change in acoustic impedance greater than four percent, we would 
perform further analysis such as creating synthetic seismograms, sensitivity analysis with different 
plume thicknesses, and study the effect of CO2 vertical migration through the Transition Zone 
In summary, the fluid substitution study for the area of interest did not show strong variations of acoustic 
impedance greater than four percent at the Blocky Sandstone Reservoir in the first stage. Nevertheless, 
it is recommended to perform further analysis after a well is drilled in the notional injection sites, using 
the new well’s wireline logs.  
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Figure 1 Workflow for the study of detectability of CO2 injection based on petrophysical analysis, using 
Gassmann fluid substitution. 
 
4.1 Well selection 
The deepest two wells selected for the analysis in this qualitative study were the Tasmania 1 well and the 
Milgarra 1 wells as shown in Figure 2 with reference to the notional injection sites. The Blocky Sandstone 
Reservoir in Tasmania 1 well is intercepted from 2105.1 – 2180.6 m MD and it is 238 m shallower than the 
notional injection site locations, and 218 m shallower than the shallowest CO2 plume edge at the end of the 
injection period. The Blocky Sandstone Reservoir at The Milgarra 1 well is reported from 2130.4 – 2215.6 m 
MD; and it is 187 m shallower than the notional injection site locations, and 167 m shallower than the 
shallowest CO2 plume edge at the end of the injection period. 
Select the two deepest wells  near the notional injection sector model area, with density 
and compressional slowness wireline logs.
Create base case Acoustic Impedance and Reflection Coefficient curves.
Use Gassmann Fluid Substitution to calculate density and compressional slowness at the 
end of injection period:
•Using CO2 parameters at the injection well; and
•Using CO2 parameters at the edge of the plume.
Create Acoustic Impedance and Reflection Coefficient curves for the above mentioned 
cases.
If the change in acoustic impedance is above detectable range, shift original logs along 
the depth trend to match  the notional injection well depth and the plume edge depth.
Repeat fluid substitution and calculate Acoustic Impedance and Reflection Coefficient.
If the change in acoustic impedance is above detectable range, work on further analysis 
(create difference seismograms, avo, etc.).
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Figure 2 Map showing the edge of the Blocky Sandstone Reservoir, the notional injection sector model 
Area, the location of the notional injection sites, and the Tasmania 1 and Milgarra 1 wells. 
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4.2 Calculating acoustic impedance and reflection coefficient 
Acoustic impedance can be calculated using Equation 1 below (PetroWiki 2015): 
Equation 1 
𝐴𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 =
𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛𝑎𝑙 𝑆𝑙𝑜𝑤𝑛𝑒𝑠𝑠
 
The reflection coefficient R for an acoustic wave perpendicular to an interface between two layers is 
identified by Equation 2 below (PetroWiki 2015): 
Equation 2 
𝑅 =
𝐼1 − 𝐼2
𝐼1 + 𝐼2
 
where I1 is the acoustic impedance of the current layer, and I2 is the acoustic impedance of the layer the 
acoustic wave is travelling to.   
4.2.1.1 Gassmann fluid substitution 
The Gassmann equation defines the relation between the bulk modulus of a fluid saturated rock, the  
porosity,  bulk moduli of the porous rock frame, the mineral matrix and the pore-filling fluids (Gassman 1951). 
Equation 3 below defines the Gassmann equation: 
Equation 3 
𝐾𝑠𝑎𝑡 = 𝐾
∗ +
(1 −
𝐾∗
𝐾0
)
2
∅
𝐾𝑓𝑙
+
(1 − ∅)
𝐾0
−
𝐾∗
𝐾0
2
 
where Ksat is the bulk modulus of the fluid saturated rock, K* is the bulk modulus of the porous rock frame, K0 
is the bulk modulus of the mineral matrix, Kfl is the bulk modulus of the pore fluid, and φ is the rock porosity. 
We performed the Gassmann fluid substitution as per the workflow indicated by Smith, Sondergeld and Rai 
2003, using the “Gassman fluid substitution module” in Schlumberger Techlog software. 
According to the workflow described in section 4, we applied fluid substitution for the Blocky Sandstone 
Reservoir of the Tasmania 1 and Milgarra 1 wells for two scenarios. The first scenario uses CO2 and water 
properties at the notional injection sites. The second scenario uses CO2 and water properties at the forecast 
edge of the plume at the end of the injection period, to investigate the compound effect of increased porosity 
vs. decreased CO2 saturation on the resultant acoustic impedance after the fluid substitution. The CO2 
saturation modelled at the edge of the plume (5% to 35%) (Ribeiro et al. 2019b) would be less than at the 
notional injection sites (25% to 50%), which will cause less change to the acoustic impedance. However, the 
edge of the plume is also shallower, thus porosity at the plume edge is higher, and this would increase the 
change to the acoustic impedance.  
4.3 Assumptions and parameters for the initial Gassmann fluid 
substitution 
A set of assumptions was taken during the initial stage of fluid substitution for determining seismic 
detectability of the CO2 plume for the UQ-SDAAP project notional injection. These assumptions were: 
1. We neglected the effect of induced pressure on the acoustic compressional velocity. With CO2 
injection, formation pressure will increase, increasing the compressional velocity, hence 
counteracting the decrease in compressional velocity due to change in pore fluid 
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2. We assumed that CO2 will mix homogeneously with formation water, with uniform distribution in the 
pore space 
3. The assumption above allows us to calculate the fluid mixture bulk modulus using the Reuss 
average, Equation 4 (Smith, Sondergeld & Rai 2003) 
Equation 4 
𝐾𝑓𝑙 = (
𝑆𝑤
𝐾𝑤
+
1 − 𝑆𝑤
𝐾𝐶𝑂2
)
−1
 
where Kfl is the bulk modulus of the fluid mixture, Sw is the water saturation, Kw is the bulk modulus 
of the formation water, and KCO2 is the bulk modulus of the supercritical injected CO2 
4. We assumed that the CO2 covered the whole Blocky Sandstone Reservoir thickness, thus we 
performed Gassmann fluid substitution on the whole zone 
5. We assumed that the rock matrix is comprised of two constituents: sandstone and shale, and used 
the Voigt-Reuss-Hill average to calculate the matrix bulk modulus (K0), Equation 5 (Smith, 
Sondergeld 7 Rai 2003); 
Equation 5 
𝐾0 =
1
2
∗ [(
𝑉𝑠ℎ
𝐾𝑠ℎ
+
1 − 𝑉𝑠ℎ
𝐾𝑠𝑎𝑛𝑑
)
−1
+ (𝑉𝑠ℎ ∗ 𝐾𝑠ℎ + (1 − 𝑉𝑠ℎ) ∗ 𝐾𝑠𝑎𝑛𝑑)] 
where Vsh is the volume of shale, Ksh is the bulk modulus for shale, and Ksand is the bulk modulus for 
sandstone 
6. Even though the porosities in the notional injection sites and the plume edge would be less than the 
porosities for the Tasmania 1 and Milgarra 1 wells, we did not correct the porosities for such wells at 
the initial stage of the study, as a negative result with the original porosities of these wells will mean 
negative results for porosity values at the plume depth 
Table 1 shows the parameters used to perform the Gassmann fluid substitution on the Tasmania 1 and 
Milgarra 1 wells using the fluid properties near the notional injection sites and the edge of the plume. The 
required initial and final fluid properties are dependent on temperature, pressure and CO2 saturations in the 
aqueous and supercritical phases. Therefore, we have run the base case injection scenario of the dynamic 
notional injection sector model and collected the values of density, compressibility and saturation near to the 
Notional injection sites and the plume edge at the top of the reservoir. The observed ranges of densities and 
saturation were direct outputs from the simulator. Compressibility output was used to estimate the bulk 
modulus as it is the inverse value at any given time. 
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Table 1 Parameters used to perform the Gassmann fluid substitution. 
Scenario 1 (Notional Injection Sites) 2 (Plume Edge) 
Fluid Mixing Method Reuss Reuss 
Initial Water Saturation (v/v) 1 1 
Initial Water Density (g/cc) 0.98 0.98 
Initial Water Bulk Modulus (GPa) 2.33 2.33 
Final Water Saturation (v/v) 0.5 0.65 
Final Water Density (g/cc) 0.996-1.016 (used 1.016) 0.985-0.995 (used 0.995) 
Final Water Bulk Modulus (GPa) 2.5 2.4 
Final CO2 Density (g/cc) 0.700-0.900 (used 0.700) 0.700 – 0.730 (used 0.700) 
Final CO2 Bulk Modulus (GPa) 0.05-0.10 (used 0.05) 0.05 – 0.06 (used 0.05) 
Mineralogy Mixing Method Voigt-Reuss-Hill Voigt-Reuss-Hill 
Sand Density (g/cc) 2.65 2.65 
Sand Bulk Modulus (GPa) 23.82 23.82 
Shale Density (g/cc) 2.64 2.64 
Shale Bulk Modulus (GPa) 16.89 16.89 
As for the sandstone and shale properties, the density values are the average dry matrix density values used 
to calculate porosities across the basin (Harfoush et al. 2019a). It is worth noting that Tasmania 1 and 
Milgarra 1 wells do not have shear slowness curves and therefore the bulk modulus for sandstone and shale 
were estimated from the Fantome 1 and Woleebee Creek GW4 wells, which had both compressional and 
shear slowness curves allowing the calculation of bulk moduli as per Equation 6 below (Smith, Sondergeld & 
Rai 2003):  
Equation 6 
𝐾 = 𝜌𝐵 (𝑉𝑝
2 −
4
3
𝑉𝑠
2) 
where K is the bulk modulus of the rock, ρB is the bulk density, Vp is the compressional velocity, and Vs is the 
shear velocity. 
5. Results 
The initial stage of fluid substitution did not exhibit a strong variation of acoustic impedance before and after 
CO2 was injected. Figure 3 shows the results for the Milgarra 1 well, and Figure 4 shows the results for the 
Tasmania 1 well. The green curves in the figures represents the original logs before fluid substitution, the 
blue curves represent the logs after fluid substitution for Scenario 1 (near the notional injection sites) , and 
the red curves represent the logs after fluid substitution for Scenario 2 (plume edge). From Figure 3 and 
Figure 4 we can observe the following: 
1. For both wells, the Gassmann fluid substitution results of scenario 1 and scenario 2 are similar (red 
curves mostly lying coincident with blue curves) 
2.  The density log was more affected by fluid substitution than compressional slowness (and hence 
compressional velocity). Notice the apparent separation in the density logs between pre and post 
substitution. For the acoustic curves, we  only notice such separation at certain depths 
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3. There is a slight change in the acoustic impedance curves  before and after fluid substitution in all 
cases. 
Table 2 presents the results observed from Figure 3 and Figure 4. It shows the average and percentage 
change of the bulk density, acoustic velocity and acoustic impedance in the Blocky Sandstone Reservoir 
before and after the Gassmann fluid substitution, using the CO2 properties from the notional injection sites, 
and from the plume edge. As can be seen from Table 2, the biggest change in acoustic impedance from the 
four cases was 0.81% for the Tasmania 1 well using the fluid properties at the plume edge.  
Following the Lumley, Behrens & Wang 1997, detectability threshold and based on the current well log data, 
it is concluded that it would be difficult to detect the CO2 plume using seismic surveys in the UQ-SDAAP 
project notional injection locations, unless the plume migrates further to a much shallower depth (e.g. 
Gendrin et al. 2013).  
 
Table 2 Comparison of average bulk density, compressional velocity and acoustic impedance in the 
Blocky Sandstone Reservoir before and after Gassmann Fluid Substitution. 
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1  Milgarra 1 2.419 4300 10403.2 2.403 4299 10325.9 0.7 0.03 0.74 
1  Tasmania 1 2.405 4446 10693.5 2.385 4448 10610.1 0.83 0.06 0.78 
2  Milgarra 1 2.419 4300 10403.2 2.400 4302 10323.6 0.79 0.04 0.77 
2  Tasmania 1 2.405 4446 10693.5 2.382 4452 10607.0 0.94 0.14 0.81 
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Figure 3 Comparison between curves before and after fluid substitution at the notional injection sites and 
at the plume edge locations, using the Milgarra 1 well logs. Tracks from left to right: Track 1: 
Bulk Density; Track 2: Compressional slowness; track 3: Compressional velocity; and Track 4: 
Acoustic impedance. Colour legends: Green: Initial curves before fluid substitution; Blue: Fluid 
substitution using CO2 properties at the notional injection sites; and Red: Fluid substitution using 
CO2 properties at plume edge. 
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Figure 4 Comparison between curves before and after fluid substitution at the notional injection sites and 
at the plume edge locations, using the Tasmania 1 well logs. Tracks from left to right: Track 1: 
Bulk Density; Track 2: Compressional Slowness; track 3: Compressional Velocity; and Track 4: 
Acoustic Impedance. Colour legends: Green: Initial curves before fluid substitution; Blue: Fluid 
substitution using CO2 properties at notional injection site; and Red: Fluid substitution using CO2 
properties at plume edge. 
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6. Conclusion 
Seismic surveys have proved to be a key technology in observing and monitoring the migration of CO2 
plumes in carbon storage projects globally (Gendrin et al. 2013; Worth et al. 2014). However, studies of 
successful projects were conducted at shallower depths in reservoirs with higher porosity. Due to the high 
depth of the Blocky Sandstone Reservoir in the UQ-SDAAP notional injection sites, our analysis would 
suggest that it will not be possible to detect the CO2 plume wit surface seismic, as the change in acoustic 
impedance was likely less than the detection level. The following factors lead to such negative results: 
• Higher depth results in a higher density of the supercritical CO2, decreasing the contrast between 
CO2 and water density 
• Higher depth meant a reduction in porosity, which results in less contribution per unit volume of 
reservoir of CO2 to the values of bulk density and compressional slowness, i.e. less effect 
• Higher depth means higher pressure, counteracting the effect of fluid substitution (this effect was 
neglected in this study) 
We recommend the use of other techniques for monitoring the CO2 plume, such as drilling monitoring wells 
to monitor changes in formation pressure at the extent delineated by the plume edge anticipated by the 
dynamic model simulation. 
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